Hepatocellular carcinoma (HCC) is a highly aggressive cancer with no currently available effective treatment. Understanding of the molecular mechanism of HCC development and progression is imperative for developing novel, effective, and targeted therapies for this lethal disease. In this article, we document that the cellular transcription factor Late SV40 Factor (LSF) plays an important role in HCC pathogenesis. LSF protein was significantly overexpressed in human HCC cells compared to normal hepatocytes. In 109 HCC patients, LSF protein was overexpressed in >90% cases, compared to normal liver, and LSF expression level showed significant correlation with the stages and grades of the disease. Forced overexpression of LSF in less aggressive HCC cells resulted in highly aggressive, angiogenic, and multiorgan metastatic tumors in nude mice. Conversely, inhibition of LSF significantly abrogated growth and metastasis of highly aggressive HCC cells in nude mice. Microarray studies revealed that as a transcription factor, LSF modulated specific genes regulating invasion, angiogenesis, chemoresistance, and senescence. The expression of osteopontin (OPN), a gene regulating every step in tumor progression and metastasis, was robustly up-regulated by LSF. It was documented that LSF transcriptionally up-regulates OPN, and loss-of-function studies demonstrated that OPN plays an important role in mediating the oncogenic functions of LSF. Together, these data establish a regulatory role of LSF in cancer, particularly HCC pathogenesis, and validate LSF as a viable target for therapeutic intervention.
metastasis | osteopontin | transcription regulation H epatocellular carcinoma (HCC) is one of the five most common cancers worldwide (1) . The incidence of HCC is increasing despite a decrease in overall incidence of all cancers (2, 3) . In the United States, the estimated new cases of HCC for 2008 were 21,370, of which 18,410 were expected to die (2) . The mortality rate of HCC parallels that of its incidence because HCC is a tumor with rapid growth and early vascular invasion that is resistant to conventional chemotherapy, and no systemic therapy is available for the advanced disease (4) . As such, understanding the molecular mechanism of HCC development and progression is imperative to establish novel, effective, and targeted therapies for this highly aggressive cancer. Our recent studies reveal that astrocyte elevated gene-1 (AEG-1) is overexpressed in >90% of human HCC patients, compared to normal liver, and AEG-1 plays a key role in regulating development and progression of HCC (5) . The transcription factor Late SV40 Factor (LSF) was identified as a downstream gene of AEG-1, and we demonstrated that LSF mediates, in part, AEG-1-induced resistance to 5-fluorouracil (5-FU) in HCC cells (5, 6) .
LSF, also known as LBP-1c and TFCP2, regulates diverse cellular and viral promoters (7, 8) . A major cellular target of LSF is the thymidylate synthase (TS) gene, which encodes the ratelimiting enzyme in the production of dTTP, required for DNA synthesis (9) . Inhibition of LSF abrogates TS induction and induces apoptosis. Thus, LSF plays an important role in DNA synthesis and cell survival. In the liver, LSF is activated by inflammatory cytokines and regulates the expression of acute phase proteins (10, 11) . As yet, no studies have linked LSF to the process of tumorigenesis. However, several findings suggest a potential role of LSF in this process. LSF facilitates entry into G 1 /S phase of the cell cycle, promotes DNA synthesis, and functions as an antiapoptotic factor (9) . Overexpression of LSF might augment all of these effects, thus promoting transformation and cancer cell survival. Additionally, because most HCCs are generated in the background of HBV or HCV infection, the activation of LSF by inflammatory cytokines that are secreted upon viral infection suggests that LSF might also play a role in the pathogenesis of inflammatory aspects of HCC. We therefore performed a detailed experimental analysis to elucidate the role of LSF in hepatocarcinogenesis.
Results and Discussion
Whereas in normal hepatocytes LSF protein expression was virtually undetected, its expression was robustly up-regulated in human HCC cells, except HepG3 cells, which do not form tumors in nude mice (Fig. 1A) (5) . These findings were extended by tissue microarrays containing 86 primary HCC, 23 metastatic HCC, and 9 normal adjacent liver samples that were immunostained using anti-LSF antibody. Little to no LSF immunostaining was detected in the 9 normal liver samples, whereas significant LSF staining was observed in HCC samples (Fig. 1B) . LSF expression was detected predominantly in the nucleus (Fig. S1 ). Among the 109 HCC samples, only 9 scored negative for LSF, and the remaining 100 (91.7%) showed variable levels of LSF that could be significantly correlated with the stages of the disease based on the BCLC staging system (Table 1) (12) . Expression of LSF gradually increased with the stages from I to IV (Fig. 1B and Fig. S1 ), as well as with the grades of differentiation from well differentiated to poorly differentiated (e.g., compare Fig. 1B b and e, c and f, and d and g).
Amplification of chromosome band 12q13, the location of the LSF gene, has been reported in some cases of HCC (13, 14) . To examine the possibility that copy number gain might be the underlying mechanism of LSF protein overexpression in human HCC patients, dual-color fluorescence in situ hybridization This article is a PNAS Direct Submission.
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(FISH) was performed on human HCC tissue microarrays containing 9 normal liver samples and 50 HCC samples. Bacterial artificial chromosome (BAC)-derived test probe targeting LSF (red color) was used along with a control probe that is specific for the pericentromeric region of chromosome 12 (D12Z3; green color). The control probe (D12Z3) provided information regarding the number of chromosomes 12 present in the cell. Copy number gains of LSF (amplification or low level gain) were not encountered in any of the HCC samples. However, 34 of 50 HCC samples (68%) exhibited an increased number of signals for both the LSF and D12Z3 probes, suggesting the presence of extra copies of a large region of chromosome 12 or polyploidy. Fig. 1C shows a representative cell (arrow) in which four red and four greet dots are observed. The red dots represent signals from LSF probe, and the green dots represent signals from D12Z3 probe. The presence of four signals from both control (D12Z3) and target (LSF) probes indicates that there are four copies of chromosome 12 indicating polysomy. Thus, chromosome 12 polysomy might be one mechanism of LSF protein overexpression in human HCC in addition to its regulation by AEG-1.
Compared to other HCC cell lines, HepG3 cells express a significantly lower level of LSF. To examine the effect of LSF overexpression in HepG3 cells, we established stable cell lines expressing LSF. Several of these clones were analyzed for LSF overexpression, among which LSF-1 and LSF-17 clones showed LSF expression that is comparable to a naturally LSF-overexpressing cell line, such as QGY-7703 ( Fig. 2A) . The nuclear expression of LSF was confirmed in LSF-17 clone by immunofluorescence (Fig. S2) . The luciferase activity of LSF WT-luc, a luciferase reporter construct containing four LSF-binding sites, was significantly higher in LSF-1 and LSF-17 clones compared to control neomycin-resistant clones Control-8 and Control-13 (Fig. 2B ). Both LSF-1 and LSF-17 clones showed higher proliferative activity (Fig. 2C) , colony forming ability (Fig.  2D) , anchorage-independent growth in soft agar (Fig. 2E) , and Matrigel invasion abilities (Fig. 2F ) compared to Control-8 and Control-13 clones. Interestingly, LSF overexpression resulted in chromosomal instability in HepG3 cells as evidenced by a significantly increased frequency of micronuclei in the LSF-1 clone (P < 0.05) (Fig. S3) .
As complementation to the LSF-overexpressing clones, we established stable clones of QGY-7703 cells expressing a dominant negative LSF (LSFdn, a double amino acid substitution mutant of LSF initially named 234QL/236KE that is unable to bind DNA) (9) . An increased level of LSF expression over the control clones indicated expression of LSFdn. LSFdn-8 and LSFdn-15 clones expressed significantly higher levels of LSFdn compared to neomycin-resistant control clones Control-1 and Control-7 (Fig. 3A) . The authenticity of these clones was confirmed by lack of activity of LSF WT-luc in LSFdn-8 and LSFdn-15 clones compared to Control-1 and Control-7 clones (Fig. 3B) . Compared to Control-1 and Control-7 clones, LSFdn-8 and LSFdn-15 clones had slower proliferation rate (Fig. 3C ), less To assess the strength of association between LSF expression and stages of HCC, an ordinal logistic regression was conducted with the stage of HCC as the ordinal response and LSF expression as the independent variable in the proportional odds model. The hypothesis of association is highly significant: P < 0.001 using Pearson's χ 2 test with Yates's continuity correction. A total of 109 HCC cases were analyzed. colony formation (Fig. 3D ), anchorage-independent growth in soft agar (Fig. 3E) , and Matrigel invasion abilities (Fig. 3F) .
The tumor-promoting properties of LSF were confirmed by nude mice xenograft assays. Whereas control HepG3 clone Control-8 did not form any tumors, LSF-1 and LSF-17 clones reproducibly generated large and aggressive tumors when implanted s.c. in the flanks of athymic nude mice (Fig. 4 A and  B) . As a corollary, LSFdn-8 and LSFdn-15 clones of QGY-7703 cells formed significantly smaller s.c. tumors in nude mice compared to the control QGY-7703 clones, Control-1 and Control-7 ( Fig. 4 C and D) . Analysis of LSF-1 and LSF-17 tumor sections revealed high LSF expression, high proliferation index (analyzed by Ki-67 expression), and increased angiogenesis (determined by CD31 expression indicative of microvessel formation) (Fig. 4E) . As expected, LSFdn-15 tumors showed high LSFdn expression, low proliferation index (Ki-67 expression), and decreased angiogenesis (CD31 expression) compared to Control-7 tumors (Fig. 4F) . These findings indicate that LSF positively regulates growth and invasion of HCC cells.
In in vitro assays, the most significant effect of LSF overexpression or inhibition was observed in the Matrigel invasion assay (Figs. 2 and 3 ). Because invasion is the first step in metastasis, we evaluated the metastasizing capabilities of the established clones by the tail vein metastasis assay. Intravenous injection of LSF-1 and LSF-17 clones (figures shown only for LSF-17 clone) resulted in multiorgan macrometastasis, whereas no metastasis was observed for Control-8 clone of HepG3 cells (Fig. 5A) . Metastasis was observed in the lungs (Fig. 5A Left) , intestinal regions (Fig. 5A Center, arrow) , and liver, and in the lower back region involving the vertebral column (Fig. 5A Right,  arrow) . The LSF-17-injected animals lost significant body weight (compare the size of the animals in Fig. 5A Center and Right), became cachexic, and started losing ∼20% body weight (indication for euthanasia and considered as dead) 6 weeks after injection (Fig. 5B) . As demonstrated by Kaplan-Meier survival curves, 80% of the animals injected with LSF-17 clone died by 12 weeks after injection, whereas none of the animals injected with the Control-8 clone of HepG3 cells died (Fig. 5B) . Staining of the lungs showed preservation of normal alveolar architecture in Control-8-injected animals, whereas in LSF-17-injected animals the lungs were filled with a solid mass of infiltrating tumor cells adjacent to the blood vessels indicating that the tumor cells had extravasated, lodged into the lungs, and established colonies (Fig. 5D) .
For QGY-7703 cells, the Control-1 and Control-7 clones gave rise to multiorgan metastatic tumors, whereas LSFdn-8 and LSFdn-15 clones did not show any external signs of metastasis (Fig. 5C) . Staining of the lungs identified multiple solid nodules in Control-1-injected animals, whereas normal architecture was preserved in LSFdn-15-injected animals, with only a few isolated metastatic nodules (Fig. 5E) .
To identify the downstream genes mediating the effects of LSF in HCC cells, gene expression profiles were compared between Control-8 and LSF-17 clones of HepG3 cells by Affymetrix microarray (GEO accession no. GSE19815). With a 2.0-fold cut-off, expression levels of 125 genes were up-regulated and those of 148 genes were down-regulated upon overexpression of LSF. Twenty-one of these genes are directly involved in the process of tumorigenesis (Fig. S4 and Table S1 ). The most robust induction was observed for SPP1, which encodes osteopontin (OPN), known to be important for regulating every step in metastasis (15) . The microarray data were confirmed by quantitative RT-PCR for several genes, showing an ∼40-fold increase in OPN mRNA expression in the LSF-17 clone, as compared to the Control-8 clone (Fig. 6A) . As a corollary, OPN mRNA expression was markedly down-regulated in the LSFdn-15 clone of QGY-7703 cells compared to the Control-1 clone (Fig. 6B) . Another LSF-downstream gene, complement factor H (CFH), also showed a similar trend (Fig. 6 A and B) . These findings were confirmed at the protein level by ELISA (Fig. 6C) . The robust induction of OPN in LSF-overexpressing clones prompted us to hypothesize that LSF might regulate OPN expression at the transcriptional level. We scanned an ∼1-kb region of the OPN promoter and identified two tandem LSF binding sites in this region (Fig. 6D) . Consistent with that prediction, OPN promoterluciferase reporter construct demonstrated significantly higher activity in the LSF-17 clone compared to the Control-8 clone (Fig. 6E) (16) . Finally, a chromatin immunoprecipitation (ChIP) assay confirmed LSF binding to the OPN promoter (Fig. 6F) .
To confirm the role of OPN in mediating LSF effect, we established stable OPN shRNA-expressing clones in the background of LSF-17 clone of HepG3 cells (LSF17-OPNsh). Two independent clones LSF-17-OPNsh-6 and LSF-17-OPNsh-18 showed marked down-regulation of OPN mRNA and protein expression (Fig. 7 A and B, respectively) when compared to the parental LSF-17 clone or LSF-17consh-15 clone that stably expresses control scrambled shRNA. LSF expression remained unchanged in LSF-17, LSF-17consh-15, and LSF-17-OPNsh clones (Fig. S5) . Compared to parental LSF-17 and LSF-17consh-15 clone, LSF17-OPNsh-6 and LSF17-OPNsh-18 clones had a significantly slower proliferation rate (Fig.7C) , less colony formation (Fig. 7D) , anchorage-independent growth in soft agar (Fig. 7E) , and Matrigel invasion abilities (Fig. 7F) . LSF17-OPNsh-6 and LSF17-OPNsh-18 clones formed significantly smaller s.c. tumors in nude mice compared to the parental LSF-17 and LSF17consh-15 clone (Fig. 8A) . These studies were further corroborated by experimental metastasis assays demonstrating significantly decreased numbers of metastatic nodules in the lungs in mice injected with LSF17-OPNsh-18 clone compared with those injected with LSF-17consh-15 clone (Fig. 8B) .
Because OPN is a secreted protein, we checked whether conditioned media from LSF-17 clones might augment the invasive ability of the parental HepG3 cells. Indeed, conditioned media from the LSF-17 clone, but not from the Control-8 clone, significantly increased invasion by HepG3 cells (Fig. 8C) . OPN works through αvβ3 integrin and CD44 receptors (15) . We blocked these receptors on LSF-17 clone of HepG3 cells with neutralizing antibodies and performed Matrigel invasion assay. Whereas normal IgG did not affect the invasive ability of the LSF-17 cells, anti-αvβ3 integrin or anti-CD44 antibody significantly inhibited invasion and the combination of the two antibodies decreased the invasion, further confirming that OPN working through its canonical receptors plays a key role in regulating LSF function (Fig. 8D) . It should be noted that for all of the assays described in this article using isolated clones, similar in vitro phenotypes, although less pronounced because of transfection efficiency, were observed with transient transfection assays without selection, thereby ruling out any clonal bias arising from the selection procedure.
Our present findings reveal a role of LSF in the process of hepatocarcinogenesis. We demonstrate that by augmenting transcription of OPN, LSF promotes aggressive progression of HCC. OPN levels can be used as a sensitive and specific marker in predicting disease progression in diverse cancers, including HCC, and OPN is known to promote every step in metastasis as well as growth of the primary tumor (15, 17) . By regulating OPN expression, LSF functions as a key regulator of HCC development and progression. In addition, LSF also activates two important cell survival-regulating pathways, MEK/ERK and NF-κB (Fig. S6) , and inhibition of the MEK/ERK pathway significantly abrogates invasion by LSF-17 cells (Fig. S7) . Activation of NF-κB by LSF suggests its potential role in regulating the inflammatory aspects of HCC (18) . Our present findings thus strongly suggest that LSF might be a viable target, and that small-molecule inhibitors targeting the DNA binding domains of LSF might be an effective HCC therapeutic. Additionally, the correlation of LSF expression with the stages and grades of HCC suggests that LSF might be used as a prognostic marker for this disease. Finally, the observation that LSF is overexpressed in cancer indications other than HCC indicates a potential oncogenic function of LSF in diverse other cancers (Fig. S8 ).
Materials and Methods
Cell Lines, Culture Condition, Viability, Colony Formation Assays, AnchorageIndependent Growth in Soft Agar, and Matrigel Invasion Assays. Primary rat hepatocytes were isolated and cultured as described in ref. 19 . SNU-423 cells were obtained from ATCC and cultured as instructed. HepG3, QGY-7703, Hep3B, HuH7, Focus, and HEK-293 cells were cultured as described in ref. 5 and 20 . Cell viability was determined by standard MTT assays as described in ref. 5 . Colony formation, anchorage-independent growth in soft agar, and Matrigel invasion assays were performed exactly as described in ref. 5 .
Tissue Microarray. Human HCC tissue microarrays were obtained from Imgenex. Two tissue microarrays were used: one containing 40 primary HCC, 10 metastatic HCC, and 9 normal adjacent liver samples (IMH-360; Imgenex), the other containing 46 primary HCC and 13 metastatic HCC (IMH-318; Imgenex) for immunohistochemistry. IMH-360 was used for fluorescence in situ hybridization analysis (FISH).
Construction of Stable Cell Lines. LSF and dominant negative LSF (LSFdn) expression constructs were described in ref. 9 . HepG3 clones stably expressing LSF and QGY-7703 clones stably expressing LSFdn were created by transfecting the corresponding expression constructs using Lipofectamine 2000 (Invitrogen) and selection with neomycin. An empty pcDNA3.1(+)-Neo plasmid was used similarly to establish the control clones. The LSF-17 clone of HepG3 cells was transduced with a pool of three to five lentiviral vector plasmids, each encoding target-specific 19-to 25-nt (plus hairpin) shRNAs designed to knock down osteopontin (OPN) gene expression (Santa Cruz Biotechnology). Individual colonies were selected by puromycin. Lentiviral particles expressing scrambled shRNA were used to similarly establish LSF17Consh clones.
Transient Transfection and Luciferase Assay. Transfection was carried out using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. For LSF luciferase reporter assays, cells were plated into 24-well plates and the next day transfected with empty vector (pGL3-basic), pGL3B-WT4-E1b (luciferase reporter plasmid containing four tandem LSF-binding site; LSF WT-Luc), or pGL3B-MT4-E1b (luciferase reporter plasmid containing four tandem mutated LSF-binding site; LST MT-Luc) and renilla luciferase expression plasmid for transfection control (9) . For the NF-κB luciferase reporter assay, cells were plated into 24-well plates and the next day transfected with 3κB-luc (luciferase reporter plasmid containing three tandem repeats of NF-κB binding site) and renilla luciferase expression plasmid for transfection control (21) . Cells were incubated in the absence or presence of TNF-α (10 ng/mL) for 12 h. For the OPN promoter luciferase assay, cells were transfected with OPN-Prom-Luc construct containing ∼1 kb of OPN promoter upstream of the luciferase gene (kindly provided by Paul C. Kuo, Duke University) along with a renilla luciferase expression plasmid (16) . Luciferase assays were measured using a Dual Luciferase Reporter Assay kit (Promega) according to the manufacturer's protocol, and firefly luciferase activity was normalized by renilla luciferase activity.
Preparation of Whole-Cell Lysates and Western Blot Analyses. Preparation of whole-cell lysates and Western blot analyses were performed as described in ref. 5 . The primary antibodies used were anti-LSF (1:2,000, mouse monoclonal; BD Biosciences), anti-pERK (1:2,000, rabbit polyclonal; Cell Signaling), anti-ERK (1:2,000, rabbit polyclonal; Cell Signaling), anti-pAKT (1:1,000, rabbit polyclonal; Cell Signaling), and anti-AKT (1:1,000, rabbit polyclonal; Cell Signaling). Blots were stripped and normalized by reprobing with anti-β-tubulin (1:1,000, mouse monoclonal; Sigma). Immunostaining. Immunofluorescence analysis in tumor sections was performed essentially as described in ref. 5 . Anti-LSF (1:200, mouse monoclonal; BD Biosciences), anti-Ki-67 (1:200, mouse monoclonal; BD Biosciences), and anti-CD31 (1:200, mouse monoclonal; Dako) antibodies were used. Images were analyzed using an Olympus immunofluorescence microscope. For the tissue microarray (IMH-360 and IMH-318; Imgenex), anti-LSF antibody was used at 1:100 dilution and the signals were developed by avidin-biotinperoxidase complexes with a DAB substrate solution (Vector Laboratories).
Nude Mice Xenograft Studies. Subcutaneous xenografts were established in the flanks of athymic nude mice using 1 × 10 6 human HCC cells and the clones. Tumor volume was measured twice weekly with a caliper and calculated using the formula π/6 × larger diameter × (smaller diameter) 2 . Mice were followed for 3 weeks. For the metastasis assays, 1 × 10 6 cells were i.v. injected through the tail vein in nude mice. The lungs, intestines, liver, bone, and other organs were isolated and analyzed after 4 weeks. All experiments were performed with at least five mice in each group and repeated three times.
Total RNA Extraction, Real-Time PCR, and Microarray Assay. Total RNA was extracted using Qiagen miRNeasy mini kit. Real-time PCR was performed using an ABI 7900 fast real-time PCR system and Taqman gene expression assays for OPN, CFH, and GAPDH according to the manufacturer's protocol (Applied Biosystems). An Affymetrix oligonucleotide microarray (GeneChip Human Genome U133A 2.0) analysis was performed to compare gene expression between Control-8 and LSF-17 clones of HepG3 cells using standard Affymetrix protocol (22) .
Fluorescence in Situ Hybridization and Micronuclei Analysis. Dual-color fluorescence in situ hybridization (FISH) was performed as previously described on hepatocellular carcinoma tissue microarrays (23) . Bacterial artificial chromosome (BAC)-derived test probes targeting LSF (12q13, RP11-142E3; BAC-PAC Resources Center) were paired with an enumeration probe for the pericentromeric region of chromosome 12 (D12Z3) for dual-target hybridization. For micronuclei analysis, interphase nuclei from the parental HepG3 cells and LSF-1 clones were harvested and slides were prepared according to standard procedures using the criteria of Fenech (24) . The frequency of micronuclei present in the cell lines was compared using a χ 2 test with a significance level of α = 0.05.
ChIP Assays. ChIP assays were performed using a commercially available kit from Active Motif according to the manufacturer's protocol. OPN promoterspecific primers used were sense 5′-ACACGCTTATGCGGGTATGT-3′ and antisense 5′-GAACATTTGGTAGGGGGAAA-3′.
Statistical Analysis. Data were represented as the mean ± SEM and analyzed for statistical significance using one-way ANOVA followed by NewmanKeuls test as a post hoc test. To assess the strength of association between LSF expression and stages of HCC, an ordinal logistic regression was conducted with the stage of HCC as the ordinal response and LSF expression as the independent variable in the proportional odds model using Pearson's χ 2 test with Yates's continuity correction.
